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ABSTRACT

This work presents a generic procedure for the optimal
choice of an unstable charge pump (UCP) circuit topology
for electrostatic kinetic energy harvesters (e-KEH) biased
by a triboelectric material, also known as a triboelectric
nanogenerators (TENGs). Each UCP can be characterized
by the ratio « that it imposes between the maximum and
minimum voltage across the transducer, in every cycle of
its steady-state operation. The value of v depends on the
detailed topology of each UCP. The triboelectric transducer,
on the other hand is characterized by (i) the variation ratio n
between its dynamic capacitance maximum and minimum
values under mechanical actuation and (ii) its DC bias Vg
which models the triboelectric effect. The analysis done
in this paper leads to the optimal v as a function of the
transducer parameters 7, Vg, and as a function of the par-
asitic capacitance brought by the conditioning circuit or by
the setup. As such, this work presents a systematic proce-
dure to select the UCP topology maximizing the converted
power for a variety of triboelectric systems. In particular,
this procedure shows which of the low capacitance varia-
tion rectifier (LCVR) or of the cascade Bennet doubler rec-
tifier (CBDR), two popular conditioning circuit topologies
for e-KEH, is optimal for any given triboelectric transducer.
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INTRODUCTION

Triboelectric nanogenerators (TENGs) are specific types of
electromechanical transducers used for electrostatic kinetic
energy harvesting (e-KEH). Over the past decade, they have
emerged as a promising technology in the realm of self-
powered systems, with applications ranging from health-
care to industrial monitoring. For example, TENGs can be
used as tactile and pressure sensors, which can detect exter-
nal mechanical stimuli without the need for external power
supplies. Moreover, TENG can be built with stretchable,
flexible, and biocompatible materials, making them ideal
for wearable or implanted applications. Besides their us-
age as self-powered sensors, TENGs can also be used as

mechanical energy harvesters whose power output is used
to supply a separate electronic system. In this context,
TENGs can be used to convert energy from human mo-
tion, to power various biomedical applications, e.g., drug
delivery or health monitoring systems. Used as energy
harvesters, TENGs also provide a technological solution
for powering wireless sensor networks (WSNs) nodes. As
such, they enable self-powered systems that can integrate
with storage technologies to extend their operational lifes-
pan, in cases where other forms of energy are absent. Such
application include the monitoring of structure health or in-
dustrial procsses [1].

Triboelectric KEHs are usually direct-force systems, in
which the external mechanical force is applied directly on
one or both of the transducer’s electrodes. This force alter-
natively separates and brings the two electrodes in contact.
This contact leaves the surface of the dielectric material
covering one or both electrodes with a nonzero average sur-
face charge density, a process called contact electrification.
This surface charge in turn induces charges on the trans-
ducer’s electrodes conductive part, resulting in an electro-
static field that works against the mechanical force. In this
way, energy is converted from the mechanical domain into
the electrical domain. In addition to the charges induced
by the charged dielectric, a component of the bias across
the transducer is set and dynamically managed by the elec-
trical circuit it is connected to. This circuit is called the
electrical conditioning circuit. The power that is ultimately
converted by an e-KEH is a function of the the condition-
ing circuit architecture, in addition to parameters such as
the transducer’s materials, the external force profile, or the
transducer geometry.

To maximize the power converted by a triboelectric
KEH, it is therefore crucial to carefully select this electri-
cal conditioning circuit. A specific family of conditioning
circuits, called unstable charge-pumps (UCPs), has drawn
particular attention as they are able to boost the bias across
the transducer to levels that are not limited by the bias re-
sulting from the contact electrification effect [2]. Further-
more, UCPs do not require active synchronization with the
transducer capacitance variation, as opposed to, e.g., syn-
chronized electric charge extraction circuits [3].

Among UCPs, two commonly used subfamilies are the
Low Capacitance Variation Rectifiers (LCVR) and the Cas-
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Figure 1: (a) Physical schematic of a triboelectric transducer [6] (b) Cor-
responding equivalent electrical model [6]

cade Bennet Doubler Rectifiers (CBDR). Each has its ad-
vantages depending on the triboelectric transducer’s char-
acteristics and the application context. Recently, Ambia
et al. demonstrated that the LCVR architecture is opti-
mal for systems without (semi-)permanent DC bias [4],
which typically include electret-less MEMS-based KEH
[5]. However, triboelectric KEH systems exhibit such a
semi-permanent bias, and thus require a more general anal-
ysis.

In this study, we provide this analysis, deriving a cri-
terion for selecting the best UCP architecture based on the
system’s capacitance ratio, bias voltage, and parasitic ca-
pacitance.

UNSTABLE CHARGE PUMPS

Single-dielectric TENGs (Fig. 1a) can be modeled as an
electrical dipole comprised of the transducer’s variable ca-
pacitor C} in series with a DC voltage source of value Virg
(Fig. 1b). This DC source models the effect bias from the
charges embedded in the dielectric material (Fig. 3) [6]. In
the following, we restrict ourselves to transducer polarities
such that Vg < 0, which is the most advantageous case
for energy harvesting. As the TENG is subjected to a me-
chanical excitation, the electrodes move relatively to each
other. This results in the TENG capacitance varying pe-
riodically! between extreme values Cpi, and Chay. The
voltage across the TENG is denoted by Vrgng. The volt-
age across C}, is denoted by V.

The energy converted in one cycle of capacitance vari-
ation is proportional to the enclosed area of the Q1 — Vp
cycle (Fig. 2). The unstable charge-pump circuits (UCPs)
are a type of conditioning circuits for electrostatic transduc-
ers. They are made by special arrangements of diode and
fixed capacitors. The UCP circuits can be characterized by
two features of their QT — Vr cycle, which translate into
how they polarize the TENG throughout C}’s variation:

e the parametric curve in the Q1 — V7 plane of an UCP
while it biases a periodically actuated transducer is a
rectangle. This is shown in Fig. 2a. This holds in the
absence of a significant parasitic capacitance (with re-
spect to the transducer minimum capacitance Clyy).
If a parasitic capacitance Cy, is present in parallel to

!n fact, the variation needs not to be periodic as long as the local min-
ima and maxima in time remain equal to Cp,in and Cmax, respectively.
Hence in the following, we use the terms “cyclic” and "periodic” variation
interchangeably
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Figure 2: Charge-voltage (Qr — V) cycle for an UCP: (2a) without par-
asitic capacitance and (2b) with parasitic capacitance. The arrows show
the evolution direction during Ct variation.
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Figure 3: (a) Low Capacitance Variation Rectifier (LCVR) circuit [7] (b)
Cascade Bennet Doubler Rectifier (CBDR) circuit [8].

the TENG dipole (due to, e.g., the conditioning cir-
cuit’s capacitance, or to the experimental setup), then
this cycle is modified into a parallelogram with two
vertical sides, as in Fig. 2b.

e the ratio v := Vjg/V4, is constant across all cycles in
steady-state operation, where Vi and Vi, denote the
maximum and minimum voltage imposed by the con-
ditioning circuit across the transducer.

One can show that the second point above implies that the
capacitance variation ratio 77 := Cjax/Cmin should ex-
ceed ~y for the circuit to operate in the described steady-
state mode. For any UCP circuit topology, if < -, then
the steady-state operation mode is degenerated and no en-
ergy is converted. Since the converted energy is reinvested
into the capacitors of the UCP, another consequence of the
points above is that the non-degenerated steady-state op-
eration mode exhibits an exponential increase of the volt-
ages across the circuit’s capacitors and across the trans-
ducer (hence the term unstable), cycle after cycle. This is
why such circuits allow to decorrelate the converted power
levels by the TENG from the triboelectric voltage V.
The two circuit families we focus on (LCVR and



CBDR) differ in the range of values they can implement for
~. The LCVR’s generic topology is depicted in Fig. 3a. It
implements «y of the form v = (N 4 1)/N, where N is the
number of multiplier cells (so that 1 < v < 2). The CBDR
topology, on the other hand, is depicted in Fig. 3b. By
choosing the right number of parallel capacitance branches
and their values, it can implement any ratio v > 2.

OPTIMAL CHARGE-PUMP

In this section, we derive the value of  that maximizes the
converted energy under the constraints posed by the appli-
cation: the transducer capacitance variation 7, the built-in
bias voltage Vg, the maximum supported voltage Vi ax,
and the parasitic capacitance value C,. Table 1 summarizes
notations used in the following.

Quantity Symbol/definition
Variable capacitance in the Cy
TENG model

Minimum of C} in a cycle Chin
Maximum C} in a cycle Chuax
Capacitance variation ratio 7 = Cmax/Cmin
Parallel parasitic capacitance Cp
Relative parasitic capacitance B:=Cy /Crnin
Voltage across TENG terminals VrENG
Minimum of Vrgng in cycle %9
Maximum of Vrgng in cycle Vi
Triboelectric voltage in the Ve <0
TENG model

Voltage across C; of the Vr
TENG’s model

Max. supported voltage at Vinax
transducer terminals

Ratio of triboelectric and max v = Vrr/Vinax
supported voltage

UCP voltage ratio v = Va/ W,

Table 1: Notations and definitions

In the following, it is assumed that the parasitic capaci-
tance C}, in parallel with the device does not have a voltage
dependency. This simplifying assumption is not necessar-
ily verified in practice. Indeed, a typical Si diode parasitic
capacitance depends on the applied voltage. Therefore, the
parasitic capacitance depends at least on the phase in the
period, i.e., whether C} is increasing to Cly .5 or decreasing
to Chin. As a result, the slopes of the non-vertical lines
in the diagram of Fig. 2b are not necessarily equal (unlike
what is represented). We however keep a single C,, value,
independent of voltage and C} variation phase, in order to
simplify the following analysis. The effect of C,, remain
qualitatively unchanged from this simplification.

The harvested energy per cycle corresponds to the area
of the QT — Vr cycle in Fig. 2b, which yields the expression

E= (VH - VL)(OmaX(VL - VTE)

1
— Cin(Va — Vg) — Cpo (Vi — V1))- M

Restricting to UCP, V1, and Vg are additionally constrained
by the relation Viz = vV4, as explained above.

This expression shows that, if no other constraint is
considered, the value of E can reach arbitrarily high lev-
els by the right choice of v and Vi, for example. As the
available UCPs (LCVR and CBDR) allow to implement a
wide range of 7, and as any Vi, can be reached thanks to
the unstable property of UCPs, arbitrarily high converted
energy per cycle are not ruled out. Yet, this is obviously an
unphysical situation. Therefore, additional constraints need
to be taken into account in order to set a physical limit to
the energy conversion process.

One such constraint stems from the fact that the max-
imum allowable voltage across the UCP or the TENG is
typically limited. This is because (i) the dielectric mate-
rial of the TENG is subject to breakdown for high values
(i1) the components of the UCPs (diodes and capacitors)
are subjected to the same phenomenon (iii) an additional
power management unit is required in practice [9], which
requires a switch with maximum voltage ratings.

The constraint that we are going to consider in the fol-
lowing is that of a maximum allowable voltage across the
transducer terminals, i.e., we require that Vreng < Vinax-
In the following, we define v := Vg /Vihax-

By remarking that E with Viy = vV1, and Vg = Vijax
is an increasing function of Vj,,x, we get the optimum ratio
Yopt under the voltage constraint by solving

dF
el 0 2

under these two equality constraints, which yields

2(n+B)
28+n+1—v(n—1)

Yopt = (3)
Additionally, to ensure operation in unstable mode (needed
to have fixed  ratio between V3 / V1, and to reach Virpng =
Vinax in the steady-state), we must ensure that 7 > “yopt.
This condition is always fulfilled for v,p in (3) if v < 1,
which we will consider as verified.

We illustrate this result in Fig. 4. The black dashed
line at v = 2 shows the limit between the optimal choices
of UCP: LCVR should be chosen for 7, under it, CBDR
should be chosen for v, above it. For systems with low
capacitance variation and bias voltage, the LCVR architec-
ture results in the largest converted energy per cycle. In par-
ticular, when Vg is zero, LCVR should always be selected,
in accordance with what was found in [4]. For systems
with higher capacitance variation or larger bias voltages,
the CBDR architecture becomes optimal. The results also
demonstrates how the parasitic capacitance is a critical fac-
tor in the choice of the right conditioning circuit. This war-
rants further studies on the trade off between diodes voltage
ratings and junction capacitances in the UCP design.

CONCLUSION

This study presents a novel criterion for selecting the op-
timal conditioning circuit for triboelectric nanogenerators.
By comparing the performance of LCVR and CBDR cir-
cuits, we provide a practical method for maximizing the en-
ergy harvested per cycle based on the system’s capacitance
variation ratio, triboelectric voltage, parasitic capacitance,
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Figure 4: Application of (3) for different parasitic capacitances (through logarithmically-spaced [3) and built-in voltage levels (through linearly-spaced
v). The black-dashed line v = 2 represents the limit between achievable ~yopt using LCVR UCP topology (Yopt < 2) and CBDR UCP topology

(Yopt = 2).

and maximum supported voltage. The results demonstrate
that while the LCVR topology is optimal for low built-in
voltage transducers of low capacitance variation, the CBDR
topology should be selected for larger, higher built-in volt-
age systems. These insights will aid in the development of
more efficient triboelectric nanogenerator systems for ki-
netic energy harvesting applications. Future works could
seek to experimentally demonstrate these findings, or to
push the optimization to account for the dependency of
the parasitic capacitance to each UCP topology. Another
important study is the implications of voltage constraints
across pairs of terminals of the circuit, other than the trans-
ducer terminals.

ACKNOWLEDGEMENTS

This work is part of the GRAPHERGIA project
which is supported by the European Union, un-
der Horizon Europe Programme (Grant Agreement
n.101120832). A CC-BY public copyright license has
been applied by the authors to the present document.
https://creativecommons.org/licenses/by/4.0/

References

[1] H. F. A. Hasan and 1. A. Abed, “Energy harvesting
technologies for wireless sensor networks,” in Intel-
ligent Sustainable Systems, A. K. Nagar, D. S. Jat,
D. Mishra, and A. Joshi, Eds.  Singapore: Springer
Nature Singapore, 2024, pp. 77-87.

A. Ghaffarinejad, J. Y. Hasani, R. Hinchet, Y. Lu,
H. Zhang, A. Karami, D. Galayko, S.-W. Kim, and
P. Basset, “A conditioning circuit with exponential en-
hancement of output energy for triboelectric nanogen-
erator,” Nano Energy, vol. 51, pp. 173-184, 2018.

D. Zhen, Z. Xu, J. Yan, Y. Tu, C. Ding, C. Zhang,
S. Chen, L. Shan, X. Wang, and S. Xu, “A tribo-

(2]

(3]

electric energy harvesting ic with high-voltage syn-
chronous electric charge extraction strategy and supe-
rior systematic efficiency,” IEEE Transactions on Cir-
cuits and Systems I: Regular Papers, 2024.

F. Ambia, N. Isac, A. Harouri, D. Bouville, and
E. Lefeuvre, “Biomechanical mems electrostatic en-
ergy harvester for pacemaker application: A study
of optimal interface circuit,” IEEE Transactions on
Biomedical Engineering, vol. 71, pp. 1127-1138,
2023.

V. Dorzhiev, A. Karami, P. Basset, F. Marty, V. Dra-
gunov, and D. Galayko, “Electret-free micromachined
silicon electrostatic vibration energy harvester with the
bennet’s doubler as conditioning circuit,” /IEEE Elec-
tron Device Letters, vol. 36, no. 2, pp. 183-185, 2015.
R. Hinchet, A. Ghaffarinejad, Y. Lu, J. Y. Hasani,
S. Kim, and P. Basset, “Understanding and modeling
of triboelectric-electret nanogenerator,” Nano Energy,
vol. 47, pp. 401409, 2018.

J. Wei, S. Risquez, H. Mathias, E. Lefeuvre, and
F. Costa, “Simple and efficient interface circuit for vi-
bration electrostatic energy harvesters,” in 2015 IEEE
sensors. 1EEE, 2015, pp. 1-4.

A. Karami, D. Galayko, and P. Basset, “Series-parallel
charge pump conditioning circuits for electrostatic ki-
netic energy harvesting,” IEEE Transactions on Cir-
cuits and Systems I: Regular Papers, vol. 64, pp. 227—
240, 01 2017.

H. Zhang, D. Galayko, and P. Basset, “General anal-
ysis and optimization of a two-stage power manage-
ment circuit for electrostatic/triboelectric nanogenera-
tors,” Nano Energy, vol. 103, p. 107816, 2022.

CONTACT

Armine Karami: armine.karami @univ-eiffel.fr

(5]

(6]

(7]

(8]

(9]



